Abstract
Introduction
Image quality is an important index to evaluate the performance of image processing algorithms and optimize parameter settings in image system [1, 2] . Stereoscopic image quality assessment (SIQA) plays an important role in three-dimensional video (3DV) system, such as it is used to compare the performance of image processing algorithms and optimize the system parameters [3] . During the capturing, compression, transmission and reconstruction, stereoscopic images may be subject to various distortions. Usually, the assessment of the distortions can be achievable through either subjective evaluation or objective assessment [4] . The best reliable way is to conduct subjective experiment to gain the mean difference of opinion score following subjective evaluation recommendations. However, subjective tests are time-consuming, expensive and impractical in the real-time system. As objective assessment can automatically predict the perceived quality of stereoscopic image, which is the goal of quality assessment research.
Many researchers have developed a series of researches on objective stereoscopic image quality assessment (OSIQA) methods. In [5] , an OSIQA method was proposed directly using two-dimensional (2D) image quality assessment method. Without considering stereoscopic perception and interactions between left and right views, the predictive performance of the method does not correlate well with subjective perception. While OSIQA models which combine the left-right image quality assessment (LR-IQA) and the stereoscopic perception image quality assessment (SP-IQA) can gain better performances. In [6] , the Structure Similarity index (SSIM) and C4 were used to assess the LR-IQA and the SP-IQA, respectively. And the correlation between the OSIQA results and the combination of LR-IQA and SP-IQA was analyzed. In [7] , it had been investigated that the results of C4 correlate well with the subjective evaluations without disparity information, while the results of SSIM correlate better with the subjective evaluations when adding the disparity distortion contribution. However, the visual experiences of the image "naturalness" and "presence" are still to be explored in depth relating to 3D display technologies. In [8] , OSIQA methods were proposed based on the assumptions that both the LR-IQA and the SP-IQA were strongly dependent on local features. The parameters and disparity estimation with the incorporation of all three color components need to be considered. In [9] , a noreference OSIQA method for JPEG coded images using perceptual differences of local features was proposed. However, the method is used only for JPEG coded. The OSIQA methods mentioned above are on the exploratory stage, and are not well consistent with subjective perception.
To improve the consistency between OSIQA and subjective perception, a new OSIQA method based on human visual sensitivities to different scales and different regions is proposed. The proposed OSIQA method is composed of LR-IQA and SP-IQA components. The LR-IQA component mainly takes into account the structure distortions with different scales in different regions. The SP-IQA component mainly considers the distortions in terms of luminance, structure and pixel error in different regions. The paper is organized as follows. Section 2 describes the details of the OSIQA method. Results are discussed in Section 3. Finally, Section 4 concludes the paper.
The Proposed OSIQA Model
Many researchers have already established human visual system (HVS) model to extract structure or edge information from the viewing field [10] . Under the assumption that human visual perception is very sensitive to edge information and perceive distortions are strongly dependent on local features such as edge, flat and texture. And natural image signals are highly structural. Stereoscopic perception is strongly dependent on structure, luminance and the samples of the signals between the left and the right view images. Based on those, an OSIQA model is proposed, which is shown in Fig 1. For simplicity, only the luminance component is considered to make the quality prediction of color stereoscopic images. Both the result Q s of LR-IQA and the result Q d of SP-IQA decrease with the decreasing distortion strength. Therefore, let λ be a positive constant, the result Q of OSIQA can be given by
Left-right Image Quality Assessment (LR-IQA) Model
HVS is an extremely complex information processing system connected by a large number of nerve cells with different functions and forms [11] . Based on the researches of psychology and physiology, many features of HVS have been found, such as human visual sensitivity, multi-channel characteristics, masking properties, and stereoscopic perception. It can improve the consistency between OSIQA model predictive results and subjective perception by embedding some features of HVS in the OSIQA model. As multi-scale can represent multi-channel characteristics and human visual sensitivities to different regions with different scales, The LR-IQA model is proposed based on scales and regions, which is comprised of the left image quality assessment (L-IQA) and the right image quality assessment (R-IQA). It includes three stages. In the first stage, the result of L-IQA is obtained. Likewise, the result of R-IQA is obtained in the second stage. In the third stage, a pooling approach is exploited to combine the results of L-IQA and R-IQA into one to represent the visual quality of the stereoscopic image.
(A) L-IQA model
Let Q l denote the result of L-IQA, which is the combination of luminance, structure and contrast distortions with different scales in different regions. The diagram of L-IQA model is shown in Fig. 2 . In order to gain each scale of an image, orthogonal wavelet 9/7 filtering is firstly adopted to reduce the correlation between the adjacent pixels in the image, and then select horizontal and vertical downsampling by 2 to the filtered image. The resolution of current scale is a quarter of lower level scale. Therefore, repeating the previous steps can gain all scales of the image. Wang had investigated that human visual perception was highly adaptive to extract structure information from a scene [12] . Human vision has different sensitivities to different regions. And the importance of edge, texture and flat regions are gradually decreasing, which corresponds to their gradual decline of gradient magnitudes in the image gradient field. The method in literature [13] whose results are usually visually accepted is adopted in the paper. Let ( , )
C x y denote the contrast similarity of the jth scale in the ith block, and j,i S ( , ) x y be the structure similarity, which can be respectively calculated as 
where
is the local sample mean of x and y, respectively. C 1 stabilizes the computations of Eq. (4) when the denominators are close to zero. Let k be the type of region, which is one type of the edge, texture and flat regions, N be the number of blocks in the corresponding region, and ( , ) j Q x y denote the assessment result of the jth scale, which can be calculated as 3 , ,
Let Q l denote the result of L-IQA, which can be calculated as
where both α M and β j are the parameters to adjust the relative importance of components. M is the number of decomposition scale.
(B) LR-IQA Metrics
Let Q r denote the result of R-IQA, which is obtained with the same way as the result of L-IQA Q l described above. And let Q s be the result of LR-IQA composed of Q l and Q r , which can be calculate as
where ω l and ω r is parameter to decide weight of Q l and Q r , respectively. And both Q l and Q r values are restricted to Q l +Q r =1. The larger ω l or ω r value is, the more the importance of L-IQA or R-IQA is.
Stereoscopic Perception Image Quality Assessment (SP-IQA) Model
Let L org and R org be the original left and right image, respectively, L dis and R dis be the distorted left and right image, respectively. If X org and X org denote the absolute disparity image of the original and the distorted stereoscopic image, respectively, they can be calculated as
The absolute disparity image with human eye's standard parallax is close to the contour of an image, which represents different information between two views. The SP-IQA model is proposed in terms of luminance, contrast and pixel error, which is shown in Fig 3. The same region segmentation is used in Objective Stereoscopic Image Quality Assessment Method for 3DV System Mei Yu, Xiangying Mao, Gangyi Jiang, Zongju Peng, Feng Shao, Junmin Zhou the proposed model, which is similar to the segmentation in LR-IQA. In [14, 15] , human eye's sensibility is different to different luminance. Human vision is usually the most sensitive to the brightness value around 127 in the color image. It is investigated that the depth value has the same rule [15] . Therefore, the luminance importance of the nth block can be given by
where u (n) is the mean of original absolute disparity image in the nth block. Natural image is highly structured. There are strong dependencies among pixels, especially they are spatially close, and these dependencies carry important information of the structure of objects in the scene. Stereoscopic perception mainly depends on structure information in the stereoscopic image. The structure function at nth block is given by 2 22
where σ org, n and σ dis, n are the deviations of the original and distorted absolute disparity image, respectively. K stabilizes the computations of equation (11) when the denominators are close to zero.
Fig. 3 Diagram of the proposed SP-IQA model
We define a pixel error sensitivity function to improve the consistency with subjective perception, which can be calculated as (12) where W and H is the width and the height of the block, respectively.
, ( , ) org n X p q and , ( , ) dis n X p q is the value of the position (p, q) in the original and the distorted absolute disparity image, respectively. Let d Q denote the result of SP-IQA in the nth block, which can be given by
where R is the number of blocks in the corresponding region, and the value of i is 1, 2 and 3, which represents edge, texture and flat region, respectively. γ i is the weight of each region.
Experimental Results and Analyses
A stereoscopic image database [16] is used to evaluate the performance of the proposed OSIQA method, which is established by the laboratory for image engineering in the Ningbo University. The database includes 12 original stereoscopic images provided by Mobile-3DTV [17] and MPEG [18] , shown in Fig. 4 . Five common distortion types are adopted to generate the distorted stereoscopic images, including Gaussian blurring, white Gaussian noise JPEG, JPEG2000, and H.264 compressions. And the distortion processing referred to the left and the right view original stereoscopic images is with the same distortion strength. Eventually, 312 distorted stereoscopic images were obtained. These distortions reflected a broad range of image impairments, from smoothing to structured distortion, image-dependent distortions, and random noise. The level of distortion was varied to generate images at a broad range of quality, from imperceptible levels to high levels of impairment.
To remove any nonlinearity due to subjective ratings and to facilitate comparison of the metrics in a common analysis space following the procedures recommended by video quality experts group (VQEG) [19] , we use variance-weighted regression analysis in a fitting procedure to provide a nonlinear mapping between the results of the objective model and DMOS. After the nonlinear mapping, we used the following three evaluation criterions [20] , (1) Pearson linear correlation coefficient (CC), which evaluates the accuracy of the predictive results of the objective model; (2) Root mean square error (RMSE), which reflects the validation of prediction. (3) Spearman rank-order correlation coefficient (SROCC), which is considered as prediction monotonicity. Both the values of CC and SROCC range from 0 to 1. The closer the OSIQA's value is to 1, the better the performance of the OSIQA metric is. The smaller RMSE is, the better the performance of the OSIQA metric is. Generally speaking, human eye is more sensitive to edge region than flat and texture regions. Edge information of an image plays an important role in visual perception, and edges distortion can greatly impact the perceived quality of the image. To simplify the proposed model, the weight of edge region is set as 0.5. Flat region is also very important, and human eyes are sensitive to such artifacts as false contouring, blocking, and high-frequency noise in the flat region. While texture distortions can also be perceptually significant, some distortions can be obscured or masked by the presence of textures. The same weights are set in flat and texture regions in the proposed model.
Some parameters of the LR-IQA model are set according to the literature [21] . Such as β 1 is set as 0.045, β 2 is set as 0.286, β 3 is set as 0.3, β 4 is set as 0.236, both β 5 and α 5 are set as 0.133, C 1 is set as 6.5, C 2 is set as 58.5, C 3 is set as 29.3, K is set as 7.68. Due to the database, the values of L-IQA and R-IQA are almost the same. In other words, the change of ω l and ω r had little influence on the performance of the proposed OSIQA model. Therefore, both ω l and ω r are set as 0.5 in the model.
The parameter λ representing the importance of Q s and Q d depends on the value of Q s , Q d and DMOS. Here, the range of Q s is [0, 1], and the range of Q d is [0, +∞]. When λ takes negative and the absolute value of λ is large, Q d will not decrease with the increasing of stereoscopic image distortion, resulting in the worse consistency between the results of the proposed model and the subjective perception. When λ is positive and its value is large, the importance of Q d will be far ahead of the importance of Q s , so it also affects the consistency with the subjective perception. Fig. 6 shows the correlation between λ and DMOS of all stereoscopic images with λ ranged from -0.2 to 0.2. Fig. 5 (a) shows the change of CC with λ, and Fig. 5 (b) shows the change of RMSE with λ. It shows that the performance of the model has a huge effect with the change of λ value, and there is a peak value in the similar position. The peak value of λ is about 0.03. Fig. 6 shows scatter plots of the results of DMOS and OSIQA. The proposed OSIQA model correlates well with the subjective perception. Most points in the scatter plots are close to the fitted logistic curve, which demonstrates that the proposed OSIQA model can provide a satisfactory prediction to DMOS for most images. To evaluate the performance of the proposed OSIQA model, three performance criteria are used, which are shown in Table 1 . Both CC and SROCC for all distortion types above-mentioned are more than 0.92. RMSE is lower than 6. It shows that the proposed OSIQA model is highly consistent with DMOS. 
Conclusion
In the paper, we propose an objective stereoscopic image quality assessment (OSIQA) model which comprises of the left-right image quality assessment and the stereoscopic perception image quality assessment. According to the properties of human visual system, OSIQA takes full advantage of human visual different sensitivities to different regions and some characteristics. Experimental results verify the proposed OSIQA model achieves relatively good consistency with the general subjective perception. Both the Pearson linear correlation coefficient (CC) and spearman rank-order correlation coefficient (SROCC) are larger than 0.92 under each distortion type between the result of the OSIQA model and the difference of mean opinion score (DMOS), and the root mean square error (RMSE) is lower than 6. In the future, we will further improve the OSIQA performance with DMOS through developing the nature of stereoscopic image to reduce the computation complexity.
